Charmed meson charmonium spectra are studied with improved quark actions on anisotropic lattices. We measured the pseudo-scalar and vector meson dispersion relations for 4 lowest lattice momentum modes with quark mass values ranging from the strange quark to charm quark with 3 different values of gauge coupling β and 4 different values of bare speed of light ν. With the bare speed of light parameter ν tuned in a mass-dependent way, we study the mass spectra of D, D s , η c , D * , D * s and J/ψ mesons. The results extrapolated to the continuum limit are compared with the experiment and qualitative agreement is found.
Introduction
In recent years, anisotropic lattices and improved lattice actions have been used extensively in lattice QCD calculations. In this letter, we present our preliminary numerical study on the spectrum of charmed mesons and charmoniums. The gauge action employed in this work is the tadpole improved gluonic action on asymmetric lattices as in Ref. [2] : Using such a gauge action, glueball and light hadron spectrum has been studied within the quenched approximation [1, 2, 3, 4, 5, 6, 7] .
It has been suggested that relativistic heavy quarks can also be treated with the help of anisotropic lattices (the Fermi lab approach), with improvements [8, 9, 10, 11, 12] . Using various versions of the quark actions, charmed meson spectrum, charmonium spectrum, charmed baryons have been studied on the lattice [13, 14, 15, 16, 17, 18] . However, in order to take full advantage of the improved quark action on anisotropic lattices, some parameters in the action have to be tuned, either perturbatively or non-perturbatively, in order to gain as much improvement as possible. Some numerical studies of these parameters have already appeared in the literature [19, 12, 20, 21, 22] . In particular, it turns out that the bare speed of light parameter ν has to be tuned non-perturbatively in a quark mass-dependent way as is shown in Ref. [23] . With the parameter ν tuned as such, we can study quenched meson spectrum with quark mass values ranging from the strange to the charm, using the same quark action.
The anisotropic quark actions used in our study is: S f = xyψx M xy ψ y with the fermion matrix given by [23] :
The coefficients in the matrix are given explicitly by:
In this letter, we present our preliminary quenched results for the meson spectra using the above improved quark action on anisotropic lattices.
Simulation Results
The whole procedure of the calculation involves three major steps: In the first step, we determine the optimal value of the bare speed of light parameter ν, using energy-momentum dispersion relations of pseudo-scalar mesons; In the second step, the masses of the mesons that we are interested in are extrapolated/interpolated to the optimal value of ν; In the third step, we perform chiral and continuum extrapolations as usual.
The lattices in this study are of size 6 × 9 × 12 × 50 for β = 2.4, 2.6 and 8 × 12 × 16 × 50 for β = 2.8. The spatial lattice spacing a s roughly range from 0.13f m and 0.23f m in physical units. The aspect ratio is ξ = a s /a t ≃ ξ 0 = 5 for all lattices. For gauge field configurations at a given value of β, 4 different values of the bare speed of light parameter ν and 12 different values of the hopping parameter κ are studied. The range of κ roughly covers the quark mass from the strange to the charm. About 300 configurations are used for each parameter set in this study.
The energy values of meson with definite three-momentum k (including zeromomentum) is obtained from their respective correlation functions by finding the plateaus in their effective mass plots. The errors for the data points in the effective mass plots are analyzed using the standard jack-knife method. We obtain from the pseudo-scalar and vector channel the corresponding energy
, where m 1 and m 2 are the bare quark mass parameters defined by: [23] .
To obtain the optimal value of ν, the values of E 2 P S (m, m, ν, ν, k) are fitted linearly against the three-momentum squared k 2 in the low-momentum region:
The condition: Z P S [m, m, ν opt (m), ν opt (m)] = 1 then yields the optimal value of ν as a function of the bare quark mass parameter: ν opt (m). In practice, we use the values of Z P S (m, m, ν, ν) at different ν to perform a linear extrapolation/interpolation in ν for each value of m.
We now proceed to the second step of our study, namely to extrapolate/interpolate the meson mass values to the optimal values of ν obtained from the pseudoscalar dispersion relations. This is achieved by a linear extrapolation/interpolation in ν, or equivalently in the quantity Z P S (m, m, ν, ν).
Similar procedure discussed above can be repeated for mesons consisting of a quark and an anti-quark with different mass. We interpolate/extrapolate the meson masses to the optimal bare speed of light parameter. The outcome of this procedure are the quantities of M In the third step of the analysis, we perform the chiral extrapolations. First, we determine the physical strange and charm bare quark mass parameters: m 
We perform two such quadratic fits, one in the low quark mass region, the other in heavy quark mass region. The scale of the lattice is set by r 0 = 0.5fm (the so-called Sommer scale). Then the value of m (5) 1860(9) 1847 ( Finally, the results of the meson masses in the continuum are obtained by extrapolate their values at finite lattice spacings to the continuum limit. In Fig. 2 , we show the mass ratios of various mesons over the mass of the J/ψ versus lattice spacing a s . Linear fits are performed for these mass ratios and the results are indicated by the straight lines. The extrapolated results are also indicated by the points at a s = 0. The numerical results are also listed in Table 1 . The fitting quality for most cases are reasonable. However, since we have only 3 different values of β for this preliminary study, the continuum limit extrapolations suffer big errors. Needless to say, more points at different values of a s , preferably at smaller a s , will help to improve the final result at the continuum limit.
To compare with the experiment, we have also tabulated the results from Particle Data Group (PDG) in the last column of These disagreements might come from the fact that our lattice spacing is still somewhat large and the continuum extrapolation is not very well controlled. Of course, quenching effects are also present which might be important for the fine structure of the spectrum.
conclusion
In this paper, we present a preliminary study of the quenched meson spectra for the charmed mesons and charmonium states. To perform such a calculation using the tadpole improved anisotropic Wilson quark action, we tune the bare speed of light parameter ν in a quark mass dependent way with quark mass values ranging from the strange to the charm. The optimal values of ν are obtained for various values of β using the pseudo-scalar meson dispersion relations. Using the tadpole improved anisotropic Wilson action with these optimized parameters, we determine the ground state meson spectra for D, D s , η c , D * , D * s and J/ψ mesons. The results are extrapolated towards the continuum limit where qualitative agreement with the experiment is found. With the method outlined in this preliminary study, we plan to carry out spectrum calculations of other excited meson states, baryon states and possibly hybrid states involving a charm quark in the future.
